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The relative ratios of chemical oxygen demand (COD) to nitrogen (N) in wastewater are known 
to have profound effects on the characteristics of soluble microbial products (SMP) from 
activated sludge. In this study, the changes in the SMP characteristics upon different COD/N 
ratios and the subsequent effects on ultrafiltration (UF) membrane fouling potentials were 
examined in sequencing batch reactors (SBR) using excitation emission matrix-parallel factor 
analysis (EEM-PARAFAC) and size exclusion chromatography (SEC). Three unique fluorescent 
components were identified from the SMP samples in the bioreactors operated at the COD/N 
ratios of 100/10 (N rich), 100/5 (N medium), and 100/2 (N deficient). Fulvic-like (C2) and 
humic-like (C3) components were more abundant with N rich wastewater. The tryptophan-like 
component (C1) was the most depleted at the N medium condition. Greater abundances of large 
size biopolymer (BP) and low molecular weight neutrals (LMWN) were found under the N 
deficient and N rich conditions, respectively. SMPs from various COD/N exhibited a greater 
degree on membrane fouling following the order of 100/2 > 100/10 > 100/5. C1 and C2 had 
close associations with reversible and irreversible fouling, respectively, while the reversible 
fouling potential of C3 depended on the COD/N ratios. No significant impact of COD/N ratio 
was observed on the relative contributions of SMP size fractions to either reversible or 
irreversible fouling potential. However, the COD/N ratios likely altered the BP foulants’ 
composition with greater contribution of proteinaceous substances to reversible fouling under the 
N deficient condition than at other N richer conditions. The opposite trend was observed for 
irreversible fouling. Our results provided further insight into changes in different SMP 
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constitutes and their membrane fouling in response to microbial activities under different COD/N 
ratios.  
Keywords: EEM-PARAFAC; membrane fouling; size exclusion chromatography (SEC); 
ultrafiltration (UF); soluble microbial products (SMP), COD/N ratio 
1 Introduction 
Significant attention has been paid to the reclamation of municipal and industrial 
wastewater to address water shortages. Reclaimed water can be used for a range of applications 
including agricultural irrigation, industrial processing, and replenishment of potable water 
resources (Michael-Kordatou et al. 2015). Membrane filtration processes such as ultrafiltration 
(UF) have occupied a pivotal position for many of these applications given their ability to 
complement biological treatment in removing pathogenic agents and dissolved organic matter 
(DOM) (Ayache et al. 2013, Chon et al. 2012, Guo et al. 2012, Villacorte et al. 2015). However, 
membrane fouling caused by DOM is still a major obstacle to cost-effective UF operation. The 
extent of membrane fouling has been established as directly governed by the chemical 
composition and concentration of DOM in the feed solution (Guo et al. 2012, Maeng et al. 2015).  
Effluent DOM mainly consists of soluble microbial products (SMP) formed during 
biological treatment (Jarusutthirak and Amy 2007, Michael-Kordatou et al. 2015). SMP is a 
heterogeneous mixture of organic constituents, which can be classified into three major 
components, namely humic substances, polysaccharides, and proteins. They are mostly produced 
during biomass growth (utilization-associated products; UAPs) and/or cell lysis during biomass 
decay (biomass-associated products; BAP) (Michael-Kordatou et al. 2015). The characteristics of 
SMP are dependent upon several biological treatment parameters such as organic composition of 
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influent wastewater (Geyik and Çeçen 2016, Hao et al. 2016, Ye et al. 2011), solid retention time 
(SRT) (Esparza-Soto et al. 2011, Jarusutthirak and Amy 2007), organic loading rate (OLR) 
(Maqbool et al. 2017), and dissolved oxygen content (Maqbool et al. 2016).  
Besides the aforementioned parameters, the ratio of chemical oxygen demand (COD) to 
nitrogen (COD/N) or C/N has recently emerged as a particularly important one. COD/N ratio is 
known to be correlated with activated sludge particle size, concentrations of extracellular 
polymeric substances (EPS) and SMP in the mixed liquor, and their composition with respect to 
proteins and polysaccharides (Hao et al. 2016, Miqueleto et al. 2010, Ye et al. 2011). The 
COD/N ratio in wastewater varies significantly depending on the source. Some industrial 
wastewaters from paper pulping, petrochemical, food processing are known to contain a high 
portion of organic carbon content and low nitrogen content (Hao and Liao 2015). On the other 
hand, municipal wastewater is usually rich in nitrogen. To date, the effects of different organic 
composition in influent wastewater have been only highlighted on bulk protein and/or 
polysaccharides as the major SMP components. Considering the heterogeneous nature of SMP, it 
is necessary to provide further insight into the roles that the COD/N ratio has in influencing SMP 
characteristics and the subsequent membrane fouling for cost-effective water reclamation. 
Detailed information concerning SMP composition is critical to assess of the effluent fouling 
propensity prior to membrane filtration. For example, despite relatively a higher chemical 
oxygen demand (COD) content in the effluent from BAPs compared to that from UAPs, the 
latter showed more severe membrane fouling potential, probably due to the difference in their 
chemical composition (Tian et al. 2011).  
Optical techniques, such as UV-Vis and fluorescence spectroscopy, have been widely 
applied to track the fate of different light-absorbing moieties of DOM in wastewater treatment 
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(Henderson et al. 2009, Li and Hur 2017). Several advanced techniques have been recently 
developed to provide a more detailed characterization of DOM. A notable technique is 
fluorescence excitation emission matrix coupled with parallel factor analysis (EEM-PARAFAC). 
EEM-PARAFAC is superior over other optical methods for tracking specific fluorescent DOM 
components in the effluent of a biological treatment process (Ishii and Boyer 2012). Several 
recent studies  have utilized EEM-PARAFAC to reveal valuable information regarding the 
changes in the chemical composition of SMP in effluents from sequencing batch reactor (SBR) 
systems under different operation conditions (Esparza-Soto et al. 2011, Ni et al. 2009, Ni et al. 
2010, Yu et al. 2015). The most powerful merit of using fluorescence spectroscopy is the ability 
to be further developed into an on-line monitoring system for on-site facilities since this 
technique is fast, non-destructive and high sensitive (Henderson et al. 2009).  
Despite being very powerful, EEM-PARAFAC can only characterize light-absorbing DOM 
constituents. This limitation can be alleviated by using size exclusion chromatography (SEC) 
equipped with an organic carbon detector (SEC-OCD), which further unravels the heterogeneous 
structures of DOM in terms of molecular sizes (Huber et al. 2011, Quang et al. 2015). For 
example, biopolymer, quantified by SEC-OCD, is known to play an important role in membrane 
fouling potential (Ayache et al. 2013, Tian et al. 2013).  
In this study, two advanced DOM analyzing tools, namely EEM-PARAFAC and SEC-OCD, 
are employed to track the changes of SMP composition in SBRs under different COD/N ratios. 
This study aims to (1) explore the changes in SMP composition in the effluent from biological 
treatment systems treating wastewater containing different COD/N ratios, and (2) examine the 
subsequent effects on UF membrane fouling potential. The results provide further insight into the 




2 Materials and methods 
2.1 Sequencing batch reactors 
The initial mixed liquor suspended solids (MLSS) content was set to 4 g/L in each SBR. 
Three parallel sequencing batch reactors (SBRs) with a working volume of 2.4 L (total volume 
of 3 L) were continuously operated under a laboratory controlled conditions to simulate the 
activated sludge process. Each SBR was placed on a magnetic stirrer to agitate the MLSS and 
was aerated by an aquarium pump (Deakwang, South Korea) at an air flow rate of 120 L/h 
through an air stone diffuser to maintain the dissolved oxygen level from 4 to 6 mg/L. The mixed 
liquor pH and temperature were maintained at 7.5±0.5 and 25±1 oC, respectively. The SBRs 
were fed every 24 hours with eight consecutive operational phases including filling (0.25 h), 
aeration (7 hours), mixing (1 hour), aeration (7 hours), mixing (1 hour), aeration (7 hours), 
settling (0.5 h), decanting (0.25 h) (Bernat et al. 2011). It is noteworthy that the MLSS value at 
each COD/N ratio varied slightly from the initial set point of 4 g/L. At steady state, the MLSS in 
the three SBRs were 4.3±0.2, 3.9±0.2 and 3.4±0.3 g/L responding to the COD/N ratio of 100/10, 
100/5 and 100/2, respectively. 
  A volume (200 mL) of MLSS was wasted from each SBR during the last aeration phase 
of every cycle (or solid wasting rate of 200 mL/d) to maintain an SRT of 12 days. The 
calculation was based on the previous literature (Jarusutthirak and Amy 2007, Yu et al. 2015). In 
brief, the SRT, , can be calculated by the following equation: 
                                                               (1) 
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where V is the effective volume of SBR (i.e., 2.4 L). Fw is the volume of mixed liquor withdrawn 
each day (0.2 L/d), and Xw and X are the MLSS concentrations in the mixed liquor (mg/L) and in 
the reactor (mg/L), respectively. The Xw and the X are identical for this study. In this study, the 
volumetric exchange rate (VER) was set at approximately 67%, equivalent to the hydraulic 
retention time (HRT) of 1.5 d. SBR effluent samples were collected each day and subsequently 
filtered through a 0.45 µm pore-sized membrane filter (acetate cellulose, Advantec, Japan) for 
SMP characterization. The effluent for UF membrane fouling experiments was collected at day 
24th and 25th when the SBRs reached a steady state condition. The feed DOC concentrations for 
the COD/N ratios of 100/2, 100/5 and 100/10 were 7.15, 2.91 and 4.14 mgC/L, respectively. 
Synthetic wastewater, comprising of glucose, nitrogen (NH4Cl), phosphate (KH2PO4) and 
other trace elements, was used in this study. NH4Cl content in the synthetic wastewater was 
varied to obtain three different COD/N ratios of 100/10, 100/5, and 100/2. They correspond to N 
rich (COD/N of 100/10), N medium (COD/N of 100/5), and N deficient (COD/N of 100/2) 
conditions, respectively (Tchobanoglous et al. 2003, Ye et al. 2011). A detail of other nutrient 
composition is shown in Table S1.  
Activated sludge from a municipal wastewater treatment plant in Seoul, South Korea, was 
used to seed the SBRs. Before transferred to the lab scale SBRs, the seed activated sludge was 
acclimatized with the synthetic wastewater at COD/N of 100/5 for six weeks (Maqbool et al. 
2015). 
 
2.2 UF membrane filtration and the estimation of membrane fouling potential 
A flat-sheet polyethersulfone (PES) membrane from Pall Corp. (USA) with the molecular 
weight cutoff (MWCO) of 30 kDa was used in this study. Polyethersulfone (PES) has been  
7 
 
commonly used for water treatment due to its high thermochemical resistance and endurance 
(Ahmad et al. 2013). The surface contact angle of the membrane, an indicator of hydrophobicity, 
was measured to be 57o (SmartDrop, Femtofab). Membrane zeta potential was -14 mV at pH 7.0 
in 10 mM KCl solution (Qu et al. 2014). The membrane was stored in distilled and deionized 
water (DDW) for 48 hours before use. Additional cleaning was conducted by passing 2 L of 
DDW to remove any trace impurities in the membrane (Jermann et al. 2008). 
A dead-end filtration experiment was performed using a 400 mL stirred cell Amicon 8400 
UF unit (Millipore Corp., USA) with an effective filtration area of 41.8 cm2. Nitrogen gas was 
used to pressurize the UF unit at 0.03 MPa. The water flux of the clean membrane was 
113.5±4.25 L/m2/h. A detailed description of the UF operation and extraction method for 
foulants is available in previous works (Ly et al. 2018, Quang et al. 2016). In brief, the UF 
filtration consisted of three cycles (i.e., 330 mL  3 cycles), and each cycle was finished when 
the permeate solution reached a volume of 300 mL. The concentrate solution was considered as 
the remaining solution in the membrane (i.e., ~30 mL). The reversible foulant was obtained by 
hydraulic backwashing of the membrane sheets with 50 mL. At the end of the filtration, the 
membrane was soaking in a 0.1 N NaOH for 30 min in a shaker at 150 rpm. The pH of the 
irreversible foulant was re-adjusted by adding diluted HCl before spectroscopic measurements. 
Each UF experiment was conducted in duplicate.  
The resistance-in-series model was used to calculate the absolute resistance following the 






where Rt ,Rm ,Rr ,and Rir are the total hydraulic resistance (m-1), the intrinsic membrane 
resistance (m-1), the hydraulically reversible and irreversible resistance (m-1), respectively. TMP 
is the transmembrane pressure (Pa). µ is the dynamic viscosity of the feed water (=0.001 Pa·s at 
20 oC), and J refers to the permeate flux (L/(m2·h)). 
 Rm and Rtn were determined by initial clean (deionized) water flux (Jo), and the solute 
flux, Je(n), at the end of n-cycle of filtration, respectively. Rm+Rirn was achieved by Jn, which is 
the flux obtained by filtering 200 mL deionized water after hydraulic backwashing. The n 














2.3 Analytical methods 
2.3.1 Dissolved organic carbon (DOC) measurements and UV-visible spectroscopy 
DOC concentrations were measured using a TOC analyzer (Shimadzu TOC-L, Japan). 
UV-Vis spectra were obtained at a wavelength range from 200 to 700 nm on a 
spectrophotometer (UV-1800, Shimadzu) with a 1-cm quartz cuvette. Specific UV absorbance 
(SUVA) values, an aromaticity indicator (Weishaar et al. 2003), were calculated by normalizing 




2.3.2 Basic MLSS parameters 
MLSS was measured based on the Standard Methods (APHA 2005). Specific oxygen 
uptake rate (SOUR), an indicator for metabolic activity of sludge expressed by the unit of 
mgO2/gMLSS/h. More than 300 mL of MLSS was poured in BOD bottles for the SOUR test. 
The dissolved oxygen (DO) was continuously recorded using a Nagivator DO meter (Forson 
Labs, USA) until the value reached 0 mg/L. SOUR was then determined by the slope of linear 
regression. The conductivity was measured using a SC82 conductivity meter (Yokogawa, Japan).  
 
2.3.3 Fluorescence EEM measurements and PARAFAC modeling 
 Fluorescence EEM measurement was conducted using a luminescence spectrometer 
(Hitachi F-7000 FL, Japan) by scanning the emission wavelengths (Em) from 280 to 550 nm at 1 
nm-increment and stepping through the excitation wavelengths (Ex) from 220 to 500 nm at 5 nm 
intervals. Excitation and emission slits were both adjusted at 10 nm. The scan speed was set at 
12000 nm min-1. To limit second order Raleigh scattering, a 290 nm cut off filter was used for all 
measurements. The fluorescence response to deionized water was subtracted from the EEM of 
each sample. The inner filter correction was neglected by sample dilution following the protocol 
described in (Kothawala et al. 2013). The fluorescence response to a blank solution (i.e., DDW) 
was subtracted from the EEM of each sample. Fluorescence intensity was normalized using 
Raman unit equivalents (RU) (Lawaetz and Stedmon 2009). PARAFAC modeling was 
conducted using MATLAB 7.1 (MathWorks, Natick, MA, USA) with the DOMFluor Toolbox 
(Stedmon and Bro 2008). Split half and residual analyses were applied to validate the identified 




2.3.4  Size exclusion chromatography (SEC) 
A SEC system (Model 7, DOC-Labor, Germany), equipped with both organic carbon 
detector (OCD) and ultraviolet detector (UVD), was employed to compare the molecular weight 
(MW) distributions of SMP samples before and after UF  (Huber et al. 2011). The 1000 µL 
volume of each SMP sample was injected at flow rate of 1.1 mL/min for a retention time of 130 
min. Five different size fractions were quantified from the SEC chromatograms, which included  
biopolymer (BP) (i.e. >20kDa), humic substances (HS) (i.e. ~1kDa), building blocks (BB) (i.e. 
300-500Da), low molecular weight acid (LMWA) (i.e. <350kDa), and low molecular weight 
neutral (LMWN) (i.e. <350kDa) according to the  retention times (Huber et al. 2011). A separate 
SEC system with fluorescence detector was also utilized for this study to complement the results 
of EEM-PARAFAC. The system configuration is described in supplemental information (SI). 
 
2.3.5 Statistical analysis 
All statistical analyses were performed using the Origin Pro 8.6 software package. To 
validate the steady state condition in each SBRs, the standard deviations of bulk parameters (e.g., 
DOC and SUVA) were determined on the samples collected between day 15th and 25th (n = 10  
3 reactors). Effects of COD/N on SMP (n = 45 for the acclimation period and n= 30 for the 
steady state) were validated using one-way ANOVA at 95% confidence for the steady state 
(Table 1). 
3  Results and Discussion 
3.1  Variations of DOC and SUVA values of SMP with operation 
 The temporal variations of DOC and SUVA values of SMP from all SBRs are shown in 
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Fig. 1. For all bioreactors, the DOC data showed an initial and sharp increase followed by some 
fluctuations. The DOC levels decreased afterwards until a stable period was reached with the 
relative variation of < 10%. A similar trend was also reported in another study  (Esparza-Soto et 
al. 2011). The initial unstable period seems associated with the acclimatization of activated 
sludge microorganisms to the new environment. The sudden increase of SMP in the initial period 
can be ascribed to the secretion of polysaccharides and proteins from microbial communities to 
tolerate the metabolic stress (Wu et al. 2011). The highest DOC content was observed under the 
N deficient condition (COD/N ratio of 100/2) followed by the N rich condition (COD/N ratio of 
100/10). The N medium condition (COD/N ratio of 100/5) led to the lowest DOC content in the 
effluent throughout the operation (Fig. 1). The average DOC concentrations at the stable period 
(i.e., after the 15th day of operation) were 7.5±0.5 mgC/L, 4.2±0.2 mgC/L, and 3.1±0.2 mgC/L, 
respectively (ANOVA p<0.05) (Table 1). The higher SMP levels at the N rich versus the N 
medium conditions were also reported by Ye et al. (2011), signifying the roles of COD/N ratio in 
governing the SMP concentrations within the bioreactor. 
[FIGURE 1] 
[TABLE 1] 
 Regardless of the COD/N ratios, SUVA values exhibited a consistent pattern in the trends 
of low levels for the first 7 days of operation, followed by general increases for the next 8 days 
and a plateau (i.e., a stable phase) for the rest (Fig. 1b). The SUVA values were higher with N 
enrichment, showing 2.9±0.1, 1.1±0.1 and 0.6±0.1 L/mgC-m for the stable phase at the COD/N 
ratios of 100/10, 100/5, and 100/2, respectively (ANOVA p<0.05). This phenomenon may be 
attributed to the differences in the synthetic pathways of proteins/polysaccharides at different 
COD/N ratios. Under the N rich condition, microorganisms could utilize excessive nitrogen to 
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produce more aromatic proteins and nucleic acids. In contrast, in the N deficient condition, they 
tend to produce more extracellular polysaccharides (i.e., non-aromatic structures) due to the lack 
of nitrogen for protein synthesis (Miqueleto et al. 2010, Wang et al. 2014, Ye et al. 2011). Other 
possible mechanisms may involve the secretion of soluble organic matter from sludge flocs 
under N deficiency to replenish the depleted nutrients (Hao et al. 2016) and/or to maintain 
endogenous respiration (Wu and Lee 2011). The N deficient condition might enhance the release 
of large size EPS enriched with polysaccharides into solution through sludge decay (Wu and Lee 
2011). These mechanisms are in line with the decreasing biomass (i.e., MLSS) content under the 
N deficient condition in this study (Table 1). Similar observation has also been reported in the 
literature (Hao and Liao 2015, Roslev and King 1995). The MLSS concentrations at the steady 
state (i.e., after 15 day of operation) were 4.3±0.2, 3.9±0.2 and 3.4±0.3 mg/L for the COD/N 
ratios of 100/10, 100/5, and 100/2, respectively. The SEC-OCD chromatograms also supported 
the explanations as indicated by the higher DOC, but the lower UV responses for the BP fraction 
(i.e., more polysaccharides versus proteins) under the N deficient condition (Fig. S1).  
  
3.2 Dynamic variations of individual FDOM components at different COD/N ratios 
Three different FDOM components were identified by PARAFAC modeling (Fig. 2). 
Component 1 (C1), with two maxima at 230/340 nm and 280/340 nm (Ex/Em), can be assigned 
as tryptophan-like component based on previous literature (Maqbool et al. 2016, Yu et al. 2015). 
Component 2 (C2) has three peaks at 230/420 nm, 280/420 nm, and 340/420 nm (Ex/Em). These 
peaks are related to microbial fulvic-like peaks (Maqbool et al. 2016, Ni et al. 2010, Yu et al. 
2015). The peaks of component 3 (C3), located at 240/460 nm, 280/460 nm, and 370/460 nm 
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(Ex/Em), are similar to those of microbial humic-like components reported in the literature (Li et 
al. 2008, Ni et al. 2010, Yu et al. 2015).  
[FIGURE 2] 
The fate of individual FDOM components in SMP was tracked at different COD/N ratios 
using the maximum fluorescence intensity (Fmax) in the same protocol as in our previous works 
(Fig. 3) (Maqbool et al. 2017, Maqbool et al. 2016). Large variations were evident for all FDOM 
components during the acclimatization phase (i.e., before the 15th day of operation) at all COD/N 
ratios, followed by stable variations at the steady phase. Interestingly, the relative levels of the 
FDOM components at the steady state phase were dependent on the COD/N ratios as well as the 
type of the component. For example, the average level of C1 was the lowest at the N medium 
condition, while the lowest level of C3 was found under the N deficient condition (Fig. 3). In 
fact, the relatively high C1 under the N deficient condition is somewhat in contrast to the 
previous reports based on  protein-bovine serum albumin content (Wang et al. 2014, Ye et al. 
2011). This observation suggests that the C1 component may be derived not only from protein 
synthetic pathways but also from other sources (e.g., from cell lysis). This hypothesis is 
supported by the relatively low MLSS and/or SOUR values under the N deficiency at the steady 
phase compared to other conditions (Table 1). Following this, the fluorescence-detected SEC 
chromatograms of tryptophan-like C1 under the N deficient condition also suggest the exclusive 
presence of larger size molecules as evidenced by the signal at 280 nm/ 340 nm (Ex/Em) with a 
retention time of 4 minute compared to all other conditions (Fig. S2). It also well concurs with a 
previous report of (Li et al. 2008), who observed the fluorescence peaks of intracellular proteins 
similar to those of tryptophan-like component reported here. A recent study of Maqbool et al. 
14 
 
(2017) suggests that tryptophan-like C1 could be from the metabolisms of microorganisms in 
endogenous respiration (i.e. substrate deficiency).  
[FIGURE 3] 
 The C2 component did not show apparent differences in the variations among the three 
COD/N ratios during the acclimatization period (Fig. 3b). At the steady state period, however, 
the N rich condition resulted in the highest levels of C2, which was well discriminated by the 
relatively low levels at the other two COD/N ratios (Fig. 3b). No difference in C2 was found 
between the N medium and deficient conditions at the steady state (ANOVA, p>0.05). In 
contrast, the microbial humic-like C3 exhibited clear distinctions in the levels, following the 
order of 100/10 > 100/5 > 100/2 at the COD/N ratios (Fig. 3c). Although it was reported that 
there was a close association between the enrichment of the humic-like component and microbial 
humification processes in biological treatment (Maqbool et al. 2016), it is not likely to be the 
sole mechanism to explain the observation of this study because of 1) no substantial increase of 
C2 or C3 over operation, 2) the relatively low MLSS, 3) the large amount of SMP discarded each 
cycle (i.e., VER = 67%), and 4) the relatively short SRT (12 days). Previous studies have shown 
that relatively long SRT might favor the accumulation of refractory humic/fulvic-like 
fluorophores (Esparza-Soto et al. 2011, Yu et al. 2015). For the alternative or additional 
mechanisms to produce the humic-like components other than microbial humification, it is 
worthy to note a previous study of Yu et al. (2010), who reported that both humic-like and 
fulvic-like fluorophores could be initially present in slime and loosely bound EPS, which could 
be released into supernatant as substrates during any endogenous phase to maintain cell activities 
(Geyik and Çeçen 2016, Wu and Lee 2011). This secretion can be further enhanced by the 
excessive addition of NH4+ (i.e., N rich condition) through the replacement with polyvalent 
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cations in EPS followed by the detachment of organic matter from EPS (Feng et al. 2012). This 
explanation is supported by the observation of a slightly higher conductivity measured in the 
SBR operated at the N rich condition as the indication of  more presence of Ca2+ or Mg2+ (Table 
1) and/or a higher amount of detached cells/cell fragments as shown in Fig. S3, which is caused 
by decreased EPS function as a backbone to aggregate bacterial cells, formation of flocs, 
biofilms and cell-cell adhesions (More et al. 2014).  
 
3.3 Size distribution of SMP samples at different COD/N ratios 
The SEC-OCD chromatograms indicated that size distribution of SMP was highly 
dependent on the COD/N ratio (Table 1, Fig. 4a). For example, BP was the most abundant 
fraction in SMP under the N deficient condition. Polysaccharides may be more dominant over 
proteins for the large molecular size because of the relatively low UV response compared to the 
high DOC at the corresponding retention times (Fig. S1). HS-like fraction became more 
dominant with a higher N ratio (Fig. 4a). For example, the relative distribution of HS-like 
fraction was 17.7%, 34.3%, and 38.7% at the COD/N ratios of 100/2, 100/5, and 100/10, 
respectively. Irrespective of the COD/N ratio, the size fractions of LMWA and LMWN showed 
very high UV responses in the SEC chromatograms (Fig. S1), which are consistent with the 
previous studies using glucose as a primary carbon feed source (Jarusutthirak and Amy 2007, 
Maqbool et al. 2017). These results suggest the significant presence of double-bonded small size 




3.4 Flux decline of UF and reversibility of SMP at different COD/N ratios 
The UF fouling propensity of SMP samples was strongly affected by the COD/N ratio of 
the initial wastewater as shown in the extent of the flux decline following the order of the 
COD/N ratio of 100/2 > 100/10 > 100/5 (Fig. 5a). The normalized flux (J/Jo) at the end of 
filtration cycles corresponded to 0.26, 0.35, and 0.59 at the COD/N ratios of 100/2, 100/10, and 
100/5, respectively. The relative order was the same as that of DOC levels at the steady state of 
operation (Table 1). These results are in agreement with many previous studies showing that 
higher levels of SMP led to a greater extent of membrane fouling (Ayache et al. 2013, 
Jarusutthirak and Amy 2006). Henderson et al. (2011) reported a strong correlation between 
membrane fouling and DOC concentrations of effluent wastewater during UF processes. The 
most severe total fouling resistance was observed at the low N condition (i.e., COD/N of 100/2), 
in which reversible fouling was much more responsible compared to other conditions (Fig. 5b). 
However, the relative contribution of irreversible fouling to the total fouling resistance was 
found to be the greatest under the N rich condition although it varied with the filtration cycles 
(Fig. 5b). The absolute values of the irreversible fouling at the end of the third cycle reached 
13.71011, 4.21011, and 10.91011 (1/m) at the COD/N ratios of 100/10, 100/5, and 100/2, 
respectively. These results suggest that, not only SMP concentrations (i.e., DOC) but the 
chemical composition, which is governed by the COD/N ratio for this study, can also play an 




3.5 Fate of different SMP constituents during UF 
3.5.1 Removal rates of FDOM components in SMP at different COD/N ratios 
The removal rates of three different fluorescent components were calculated based on the 
mass balance by multiplying the Fmax values by the individual corresponding volumes of the feed 
and the permeate solutions (Quang et al. 2016, Yu et al. 2015). Irrespective of the COD/N ratio, 
the highest removal is observed for the tryptophan-like C1, followed by the fulvic-like C2 and 
the humic-like C3 (ANOVA, p<0.05) (Fig. 6a). For example, the removal rates of C1, C2 and C3 
at the COD/N ratio of 100/10 were 68.2±1.9%, 15.6±2.5% and 14.4±1.9%, respectively.  The 
results were comparable to those of a previous study (Maqbool et al. 2016) in which protein-like 
component was the most retained on membrane in a lab-scale membrane bioreactor (MBR) 
system. Proteinaceous biopolymers in domestic wastewater are commonly considered as one of 
the major foulants for low-pressure membrane filtration (Fan et al. 2008, Michael-Kordatou et al. 
2015, Shon et al. 2006). In this study, the relatively lower removal rates of C2 and C3 are well 
supported by the fluorescence–detected SEC chromatograms (Fig S2), in which the molecular 
sizes of the fulvic/humic-like fluorophores were smaller than those of the tryptophan-like 
counterpart. These results are also consistent with previous reports (Maqbool et al. 2016, Meng 
et al. 2009) presenting a higher aromatic content of the permeate versus the feed solutions in 
MBR systems.  
 
3.5.2 Characterization of FDOM components in SMP responsible for membrane fouling in UF 
The mass balance approach was used to estimate the amounts of the individual FDOM 
components in the reversible and the irreversible solutions. The relative reversible fouling 
tendency of each fluorescent component was determined by the ratios of the amount of 
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component in the reversible solution to the total fouled amounts (Fig. 6b). The direct comparison 
across different fluorescent components was avoided here due to the concern over the differences 
in their quantum yields. For this study, C1 exhibited more contribution to the reversible versus 
the irreversible fouling compared to C2 and C3, with the relative contribution of >80% at all the 
COD/N ratios. In contrast, the relative contribution of C2 was lower than 40%, suggesting more 
association with irreversible fouling (Fig. 6b). The high affinity of C2 to irreversible fouling can 
be attributed to the small size molecules of the fluorescent component (Fig. S1), which may 
penetrate and adhere into membrane matrix and/or inner pores, resistant to hydraulic 
backwashing (Zhang et al. 2013).  
[FIGURE 6] 
The relative contribution of C3 to the reversible fouling tended to be higher with N 
enrichment (Fig. 6b). There are two possible explanations for the phenomenon. First, differences 
in COD/N ratios may render the alteration of the excreted organic matter composition during the 
cultivation of microorganisms.  For example, Hao et al. (2016) found a carbon functional group 
(i.e.,  C=O stretch at 1735 cm-1) uniquely present in activated sludge under N deficiency. The 
other possible explanation could be the additional origin of the humic-like component (C3) from 
the slime/bound EPS under the N rich condition. Potential differences in the characteristics of 
humic-like fluorophores between SMP and EPS have been reported in other literatures (Geng 




3.5.3 Characterization of different size fractions in SMP responsible for membrane fouling in 
UF  
 Except for the irreversible solution at the N deficient condition, LMWN was found to be 
the most dominant size fraction present in both reversible and irreversible solutions followed by 
BP (Fig. 4). There was no contribution of HS fraction to membrane fouling.  The exceptional 
case of the highest contribution of BP to the irreversible fouling at the COD/N ratio of 100/2 
may be related to the most abundance of the size fraction in the SMP solution. For example, the 
concentrations of BP fraction in feed solutions were 862 µgC/L at the COD/N ratio of 100/2 as 
compared to 146 µgC/L and 105 µgC/L at the ratios of 100/10 and 100/5 (Table 1). The 
significant contribution of LMWN in the irreversible fouling could be explained by the adhesion 
property of LMWN for the PES membrane materials via hydrophobic interactions.   
The significant presence of low molecular sized fractions (i.e., LMWN) in the reversible 
solutions could be explained by the operation of the cake/gel layer serving as an additional 
clarifier before membrane filtration (Qu et al. 2014, Villacorte et al. 2015).  Another possibility 
may lie in the dominance of the amino acids in LMWN fraction, which can exhibit negatively 
charges at neutral conditions (Gallardo et al. 1991), generating the repulsive forces with the 
membrane surface. Meanwhile, the substantial contribution of the large size BP to reversible 
fouling can be attributed to size exclusion in the form of cake/gel layer, which is easily detached 
by hydraulic backwashing (Guo et al. 2012, Lin et al. 2009). Besides, chemical interactions may 
also be involved for membrane fouling. For example, the hydrophilic nature of BP (e.g., 
polysaccharides and proteins) (Matilainen et al. 2010) could render a lesser degree of the 
adhesion onto PES membrane.  
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It is noteworthy that different COD/N ratio alters the chemical composition of SMP, thus 
influencing the types and the characteristics of the foulants (i.e., membrane fouling behavior). 
For example, proteinaceous BP, which exhibits relatively higher UV signals in SEC than 
polysaccharides, contributed more to reversible fouling at the N deficient condition (i.e., COD/N 
ratio of 100/2), while its contribution to irreversible fouling was much smaller compared to other 
N richer conditions (Fig. S1). Regardless of COD/N ratio, HS-like size fraction was not found in 
either fouling solutions, which contrasted with significant contributions of C2 or C3 components 
in fouling solutions (Fig. 6 and Table S2). The limited data of this study makes it difficult to 
unravel the unexplained observation. Further work should be carried out to explore the linkage 




 The tracking of three independent fluorescent components and different size fractions of 
SMP allowed to obtain an understanding of the differences in SMP composition at varying 
COD/N ratios. SMPs produced at the N medium condition resulted in the lowest DOC 
concentrations and thus the least degree on membrane fouling, highlighting the importance of 
balancing COD/N ratio for the post UF processes. Protein-like C1 and fulvic-like C2 were most 
associated with reversible and irreversible fouling, respectively, suggesting that each fluorescent 
component could serve as a spectroscopic surrogate to predict the characteristics of UF 
membrane fouling. The reversible extent of humic-like C3 was greater with higher COD/N 
ratios. The HS-like size fraction was not involved in membrane fouling, which contrasted with 
21 
 
the behavior of fulvic/humic-like FDOM, suggesting the potential concern for the size fraction-
related water quality (e.g., formation of disinfection byproducts) in the permeate after the post 
UF processes. Our study provided further insight into the changes in SMP composition and 
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Table 1. Key SMP parameters of the steady state (after the 15th day of operation) at three 
different COD/N ratios (average ± standard deviation of 10 samples) 
 
100/10  100/5 100/2 
 (N rich) (N medium) (N deficient) 
Glucose/NH4Cl (g/g) 3.75/1.53 3.75/0.76 3.75/0.3 
MLSS (g/L) 4.3±0.2 3.9±0.2 3.4±0.3 
Conductivity (mS/cm) 30.2±4.9 23.4±6.0 20.9±6.4 
26 
 
SOUR (mg/L) 4.5±0.2 3.1±0.2 3.4±0.3 
DOC (mgC/L) 4.2±0.2 3.1±0.2 7.5±0.5 
SUVA (L/mgC-m) 2.9±0.1 1±0.1 0.6±0.1 
BP* (µgC/L) 146 105 862 
HS* (µgC/L) 347 281 332 
BB* (µgC/L) 78 276 261 
LMWN* (µgC/L) 271 132 401 
LMWA* (µgC/L) 53 25 19 
 
























Fig. 2. EEM-PARAFAC model output showing three identified fluorescent components (above) and the corresponding 
excitation/emission loadings (below). Excitation/emission loadings consist of two independent halves of the dataset (blue lines) and 







Fig. 3. Dynamic variations in fluorescent components of SMP at different COD/N ratios. a) Protein-like component C1, b) Fulvic-like 








Fig. 4. Relative contributions of different SMP size fractions at different COD/N ratios detected by SEC-OCD in a) feed solutions-






Fig. 5. Influence of COD/N ratio on membrane fouling potential by SMP as revealed by a) flux 3 
decline and b) absolute resistance. NL, NM and NR in Fig. 5b refer to the nitrogen low condition 4 
(COD/N ratio of 100/2), the nitrogen medium condition (COD/N ratio of 100/5), and the 5 
nitrogen rich condition (COD/N ratio of 100/10), respectively, with the number of filtration 6 
cycles.  Rir and Rr are calculated based on Equation (1), (2), (3) and (4) in the main text. 7 






Fig. 6. Effects of COD/N ratios on the fate of different SMP fluorescent components in terms of 12 
a) the removal rates, and b) the relative contribution to reversible membrane fouling potential 13 
(Please note that the sum of the relative contributions (C1, C2, and C3) is not 100% because the 14 
calculation was based on the individual fluorescent component).  15 
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